Linoleic acid was encapsulated with a soluble soybean polysaccharide, gum arabic, or a mixture of both together with maltodextrin, and the oxidation process of the encapsulated acid was measured at 379 C and at a relative humidity of 12%. The soybean polysaccharide was more eŠective for encapsulating the acid and suppressing the oxidation of the encapsulated acid than gum arabic. A mixture of the soybean polysaccharide and maltodextrin was also eŠective for this purpose when the weight fraction of the polysaccharide was equal to or greater than 0.75.
Microencapsulation of an unsaturated fatty acid or its acylglycerol can retard or suppress its oxidation. [1] [2] [3] [4] [5] The microencapsulation process involves two steps: one is emulsiˆcation of the core material and dense solution of the wall material, and the other is drying of the resulting emulsion. It would, therefore, be desirable for the wall material to possess both emulsifying and emulsion-stabilizing abilities to produce microcapsules of the core material which iŝ nely coated with the wall material and is hard to oxidize. Soluble soybean polysaccharide, which is a water-soluble polysaccharide extracted and reˆned from soybean and includes about 9z proteinous or peptidyl components, possesses both these characteristics 6) and seems to be a promising wall material for lipid microencapsulation, similar to gum arabic. 7) The oxidation process of an encapsulated lipid undergoes two stages: one is a rapid decrease in the fraction of unoxidized substrate in the early stage of storage, and the other is leveling oŠ of the fraction with prolonged storage. 5, 7) The kind of wall material is one of factors aŠecting this process. 3, 5) A polysaccharide was used in this study as the wall material for the microencapsulation of linoleic acid by spray-drying, and the oxidative stability of the encapsulated linoleic acid was examined to assess the characteristics of the polysaccharide as a wall material. Gum arabic and maltodextrin were also used as wall materials for comparison. Soluble soybean polysaccharide and gum arabic are more expensive than maltodextrin, so the feasibility of using a mixture of the polysaccharide or gum arabic with maltodextrin as the wall material was also examined in order to reduce the quantity of the expensive polysaccharide. Although an antioxidant and emulsiˆer are often used in the practical microencapsulation of a lipid, no additives were used in this study in order to accurately compare the properties of the wall materials.
Materials and Methods
Materials. Soluble soybean polysaccharide (Soyaˆbe } DN; hereafter abbreviated as SSPS) was supplied by Fuji Oil (Osaka, Japan). Its component sugars are mainly galactose, arabinose, rhamnose and galacturonic acid, 6) and are almost the same as those of gum arabic. 8) However, the content of the proteinous (or peptidyl) residues of SSPS is about ve times greater than that of the proteinous residues of gum arabic. 6) Gum arabic and maltodextrin with a dextrose equivalent of 2-5 were purchased from Saneigen FFI (Osaka, Japan) and Matsutani Chemical Industries (Osaka, Japan), respectively. Linoleic acid (À90z purity) and methyl palmitate (À95z) were purchased from Tokyo Kasei Kogyo (Tokyo, Japan) and were stored in the dark at a temperature below -209 C until needed. Methyl palmitate was used as an internal standard for gas chromatographic determination of the unoxidized linoleic acid. The other chemicals of analytical grade were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Microencapsulation of linoleic acid. The wall Theˆgures represent the weight fraction of soluble soybean polysaccharide or gum arabic in the mixture. The chain curve labeled with MD shows the size distribution of the oil droplets prepared with maltodextrin alone. materials tested were SSPS, gum arabic and mixtures of both together with maltodextrin at speciˆed weight ratios. Forty-ˆve grams of a wall material was dissolved in 300 ml of distilled water, the concentration being about 13z (w W w). Linoleic acid was mixed with the solution to produce a weight ratio of the acid to the wall material of 0.1, 0.2, 0.5 or 1.0. The mixture was emulsiˆed with a rotor W stator homogenizer (Polytron PT20SK, Kinematica, Lucern, Switzerland) for 1 min at a power setting of 8. The size distribution of the oil droplets in the emulsion was measured with a SALD3000 laser diŠraction particle size analyzer (Shimadzu, Kyoto, Japan).
The emulsion was fed into an LB-8 spray dryer (Ohkawara, Yokohama, Japan) at a ‰ow rate of 3.0 kg W h and atomized by a centrifugal atomizer operated at about 3.0×10 4 rpm. The emulsion in the reservoir was gently stirred with a magnetic stirrer to prevent ‰otation. The temperatures of the air at the inlet and outlet of the dryer were 2009 C and 100-1109 C, respectively, the ‰ow rate of the air being about 7.5 m 3 W min. The prepared microcapsules were collected in a cyclone.
The encapsulation e‹ciency is deˆned as the ratio of the amount of linoleic acid encapsulated within a microcapsule to that of the total acid used for the microencapsulation. The latter was calculated from the composition of the microcapsule. The amount of encapsulated linoleic acid was determined by using a 10-mg fresh microcapsule by extraction and a subsequent gas chromatographic analysis.
Oxidation process of encapsulated linoleic acid. Ten-milligram microcapsules were weighed in a ‰at-bottom glass cup (1.5 cm i.d. and 3 cm height); about 20 cups were prepared for each sample. The cups were placed in a desiccator where the relative humidity was regulated to 12z with a saturated lithium chloride solution. The desiccator was stored in the dark at 379 C.
At appropriate intervals, a cup was removed from the desiccator. The amount of unoxidized linoleic acid within the microcapsules was determined by gas chromatography according to our previously reported procedure.
9)
Stability of the emulsions. A wall material (2.25 g) was dissolved in 15 ml of distilled water, and 0.45 g of linoleic acid was added to the solution. The mixture was emulsiˆed with a rotor W stator homogenizer (Physcotron } NS-50, Nichion Irika Kiki, Tokyo, Japan) for 1 min at a power setting of 70. The resulting emulsion was kept at 259 C while gently stirring with a magnetic stirrer. At appropriate intervals, a portion of the emulsion (40-100 ml) was sampled, diluted 50 to 200 times with 0.1z (w W v) sodium dodecyl sulfate, and then the absorbance at 500 nm was measured with a spectrophotometer (UV-1600, Shimadzu, Kyoto, Japan).
10)
Critical surface tension of the dehydrated polymer lm. An adequate volume of the dense solution of a polysaccharide was poured on to a polyethylene terephthalateˆlm placed on a ‰at glass board, and then cast by a YBA-type applicator (Yoshimitzu Seiki, Tokyo, Japan). The cast solution was dehydrated by putting it in a temperature-controlled chamber at 509 C to form aˆlm.
11) The resultingˆlm was stored at a relative humidity of 12z until needed.
Five microliters of a solution of known surface tension was put on to theˆlm, and contact angle u was measured at room temperature (about 259 C) with an automatic contact angle meter (CA-V, Kyowa Interface Science, Tokyo, Japan). The solutions used were nonane (22.9), hexadecane (27.9), diiodomethane (40.5), formamide (58.8), glycerol (64.4), and distilled water (72.2), theˆgures in parentheses representing the surface tension in units of mN W m.
Results and Discussion
Microencapsulation of linoleic acid Figure 1 shows the size distribution of oil droplets in the O W W emulsions prepared with linoleic acid and a solution of SSPS, gum arabic or maltodextrin that was used as the wall material for microencapsulation. Mixtures of SSPS or gum arabic with maltodextrin at diŠerent ratios were also used as wall materials. The weight ratio of the acid to the wall material wasˆxed at 0.2. The droplet median diameter of each emulsion is plotted in Fig. 2 against the weight fraction of SSPS or gum arabic used in the mixed wall material together with the encapsulation e‹ciency of linoleic acid within the microcapsules prepared by spraydrying the emulsion.
When linoleic acid was emulsiˆed with unmixed SSPS, gum arabic and maltodextrin, SSPS gave the smallest median diameter of oil droplets in the emulsion, followed by gum arabic and maltodextrin. SSPS and gum arabic are proteinous polysaccharides and possess emulsifying ability 6, 8) which would have resulted in the small median diameter. On the other hand, maltodextrin lacking both an emulsifying and emulsion-stabilizing ability produced a coarse emulsion that was prone to phase-separation.
When SSPS was mixed with maltodextrin, the median diameter of the emulsion droplets decreased and the encapsulation e‹ciency increased as the weight fraction of SSPS in the mixture was increased. On the other hand, the weight fraction of gum arabic scarcely aŠected either the median diameter of the emulsion droplets or the encapsulation e‹ciency. Matsumura 12) has stated that protein was adsorbed to the surface of the oil droplets in the emulsion and acted as a stabilizer. Since both SSPS and gum arabic contain proteinous residues, this would have produced the high encapsulation e‹ciency. In spite of this common characteristic, there was a diŠerence in the weight-ratio dependence on the droplet median diameter and encapsulation e‹ciency between them. Gum arabic has a wattle blossom type of structure in which large blocks of carbohydrate with a molecular mass of about 2×10 5 are linked to a common polypeptide chain.
13) The polypeptide chains would have adsorbed and anchored the molecules to the surface of the oil droplets, and the carbohydrate blocks would have reasonably well covered the surface, even at a weight-fraction of 0.25. Therefore, the weight fraction would have had no signiˆcant eŠect on the median diameter and encapsulation e‹ciency. Equivalent information is, unfortunately, not available on the structure of SSPS. Based on the diŠerence in the dependence, SSPS seems to have a structure diŠerent from gum arabic. Figure 3 shows the stability of the emulsions in which linoleic acid was dispersed in aqueous solutions of SSPS, gum arabic and their mixture together with maltodextrin at various weight fractions. The emulsion prepared with maltodextrin alone was unstable. When SSPS was mixed with maltodextrin, the emulsion was stable at any weight fraction. The mixture of gum arabic and maltodextrin at a weight fraction of 0.25 had no emulsion-stabilizing ability, although the median diameter of the emulsion droplets was small, but the mixtures at the weight fractions larger than or equal to 0.5 had this stabilizing ability.
Stability of the emulsions
Critical surface tension of the dehydrated polymer lm We have previously reported that the critical surface tension, gc, of a dehydratedˆlm of the wall material was an indicator of the surface oil.
11) It seems that the g c value of the wall material, which re‰ects the wettability of the core material (linoleic acid) to the wall material, is related to the state of linoleic acid within the microcapsule and hence to the oxidation process of the encapsulated acid. Figure 4 shows Zisman plots for the SSPS, gum arabic and maltodextrinˆlms, where the cosine of the contact angle, cos u, is plotted against the surface tension of the liquid dropped on theˆlms. 14) The gc values of the SSPS, gum arabic and maltodextrinˆlms were 23.5, 22.8 and 15.9 mN W m, respectively. The g c values for SSPS and gum arabic were therefore almost the same and greater than the value for maltodextrin.
The contact angles for linoleic acid to the dehydrated SSPS, gum arabic and maltodextrinˆlms were 36.6±1.6 (mean±standard deviation, n＝8), 35.2±0.4 (n＝4) and 35.0±2.6 (n＝6) degrees, respectively; there was thus no signiˆcant diŠerence in the contact angle among the wall materials, although the gc values for SSPS and gum arabic were slightly larger than that for maltodextrin. The contact angle for linoleic acid suggests that the acid did not spread throughout the pores that remained after the removal of water by drying, but remained as ‰at-tish hemispheres within the pores of the microcapsule prepared with any of the wall materials.
Oxidation process of encapsulated linoleic acid Figure 5 illustrates the oxidation process at 379 C and 12z relative humidity of linoleic acid encapsulated by SSPS at diŠerent weight ratios of the acid to SSPS. The fraction of unoxidized linoleic acid quickly decreased in the early stage of storage and reached a level at which oxidation proceeded very slowly or ceased. The level greatly changed between the weight ratios of 0.5 and 1.0. We have previously reported the oxidation process of linoleic acid encapsulated with gum arabic at various weight ratios by spray-drying and have shown that the oxidative stability of the encapsulated acid decreased in inverse proportion to the weight ratio. 9) Thus, there was a diŠerence in the dependence of the oxidative stability of the encapsulated linoleic acid on the weight ratio of the acid to wall material between SSPS and gum arabic. Matsumura et al. 15) have shown that gum arabic, which included proteinous residues, was adsorbed and formed a viscoelasticˆlm at the oil-water interface of the emulsion. Since SSPS has a much higher content of proteinous residues than gum arabic, it would be more strongly adsorbed and form â lm at the interface. Sugiyama et al. 16) have reported that soy protein exhibited antioxidative ability in a powder system consisting of a soy protein isolate and linoleic acid. SSPS would have similar ability, this explaining the reason for the diŠerence.
As has been already shown, SSPS is an eŠective wall material for the suppression of lipid oxidation by microencapsulation. However, the viscosity of an SSPS solution is much higher (about 100 times) than that of a gum arabic solution at the same concentration. 6) This high viscosity makes emulsiˆcation di‹cult. One way to overcome this disadvantage would be to mix SSPS having high antioxidative ability with maltodextrin of low viscosity. SSPS was therefore mixed with maltodextrin at various weight fractions and used for the microencapsulation of linoleic acid. As a comparison, mixtures of gum arabic with maltodextrin were also used for microencapsulation. The oxidation process of linoleic acid encapsulated with a mixture of SSPS or gum arabic with maltodextrin was measured at 379 C and 12z relative humidity (Fig. 6) . The weight ratio of linoleic acid to each wall material wasˆxed at 0.2. Theˆlled symbols in theˆgure represent the oxidation process for linoleic acid encapsulated with only SSPS, gum arabic or maltodextrin. The oxidative stability of the encapsulated linoleic acid decreased as the weight fraction of SSPA or gum arabic in the mixed wall material was decreased. However, the dependence of the oxidative stability on the weight fraction of the proteinous wall material (SSPS or gum arabic) seemed to be diŠerent between SSPS and gum arabic. Leveling oŠ or very slow progress in oxidation was apparent after 10 or 20 days for the mixtures with a high weight fraction of SSPS, while linoleic acid encapsulated with a mixture of gum arabic and maltodextrin gradually oxidized and no leveling oŠ appeared. The fraction of unoxidized linoleic acid on day 20, which is a measure of the oxidative stability, is plotted against the weight fraction of SSPS or gum arabic in the mixture in Fig. 7 . The stability signiˆcantly increased between 0.5 and 0.75 for SSPS, and between 0.25 and 0.5 for gum arabic. Although the reason for this diŠerence in the stability dependence between SSPS and gum arabic remains unclear, the results shown in Fig. 7 indicate that the use of expensive SSPS or gum arabic can be reduced by mixing with cheaper maltodextrin without any signiˆcant eŠect on the oxidative stability of the encapsulated linoleic acid.
